The dormancy and the growth of trees in temperate climates are synchronized with seasons. Preparation for dormancy and its proper progression are key for survival and development in the next season. Using a unique approach that combined microscopy and proteomic methods, we investigated changes in Norway spruce (Picea abies (L.) H. Karst.) embryonic shoots during four distinct stages of dormancy in natural weather conditions. We identified 13 proteins that varied among dormancy stages, and were linked to regulation of protein level; functioning of chloroplasts and other plastids; DNA and RNA regulation; and oxidative stress. We also found a group of five proteins, related to cold hardiness, that did not differ in expression among stages of dormancy, but had the highest abundancy level. Ultrastructure of organelles is tightly linked to their metabolic activity, and hence may indicate dormancy status. The observed ultrastructure during endodormancy was stable, whereas during ecodormancy, the structural changes were dynamic and related mainly to nucleus, plastids and mitochondria. At the ultrastructural level, the lack of starch and the presence of callose in plasmodesmata in all regions of embryonic shoot were indicators of full endodormancy. At the initiation of ecodormancy, we noted an increase in metabolic activity of organelles, tissue-specific starch hyperaccumulation and degradation. However, in proteomic analysis, we did not find variation in expression of proteins related to starch degradation or to symplastic isolation of cells. The combination of ultrastructural and proteomic methods gave a more complete picture of vegetative bud dormancy than either of them applied separately. We found some changes at the structural level, but not their analogues in the proteome. Our study suggests a very important role of plastids' organization and metabolism, and their protection in the course of dormancy and during the shift from endo-to ecodormancy and the acquisition of growth competence.
Introduction
Trees from temperate climates have developed unique mechanisms enabling them to adapt to seasonally changing environmental conditions, and thus the level of their developmental activity is closely synchronized with seasons and with alternating periods of growth and dormancy. Lang (1987) proposed a universal terminology for plant dormancy that he defined as 'the temporary suspension of visible growth in any structure containing a meristem'. In temperate trees, dormancy in autumn and winter is not uniform and can be divided into endodormancy, caused by the endogenous factors within the dormant structure, and ecodormancy, induced by environmental conditions (Lang 1987) . Thus, dormancy is a complex phenomenon regulated and controlled by many factors. Endodormancy is induced by shortening day length (in most temperate trees) or by decreasing air temperatures (in some woody species that are insensitive to photoperiod, e.g., in the Rosaceae-apple, Sorbus), or by both photoperiod and cold (Li et al. 2003, Heide and Prestrud 2005) . These same factors, depending on the species, induce the ability to tolerate cold and frost (Sakai and Larcher 1987, Welling and Palva 2006) . However, the development of dormancy and tolerance to low temperatures are independent processes, although they take place at the same time and place and may be initiated and/or moderated by similar signalling components; therefore, the processes involved in them are difficult to distinguish and separate (Arora and Rowland 2011) . Endodormancy is broken by low temperatures through satisfying chilling requirements (Worrall and Mergen 1967) . After endodormancy release the tissue is predisposed to activity, but the growth is prevented by external factors (Romberger 1963) .
Ultrastructure of organelles is tightly linked to their metabolic activity, and thus may be an indicator of dormancy status. In many species, the numerous lipid bodies in the cells of shoot apices are typical for dormancy (Cecich 1979 , Berggren 1985 , Sagisaka 1992 , Rinne et al. 2001 , Rinne and Schoot 2003 , Jordy 2004 , Ruonala et al. 2006 , Sutinen et al. 2012 . The absence of starch from the cells during endodormancy is wellknown since the 19th and early 20th century (Mer 1877 , Miyaké 1902 . The ultrastructural indicators of endodormancy in the apical meristem in buds of Populus included: less or no heterochromatin in the nucleus, increased starch content in the plastids, proteins accumulated in the vacuoles, the thickened cell walls, and plasmodesmata blocked by callose (Jian et al. 1997) . Callose deposition in plasmodesmata, and in consequence the modification of plasmodesmata permeability, was observed during endodormancy in buds of Betula and Populus (Rinne and van der Schoot 1998 , 2004 , Ruonala et al. 2008 .
Proteins as products of expression of specific genes can be major factors affecting the course of dormancy and its release (Misra and Bewley 1985) . Little is known about protein pools during dormancy in vegetative buds of trees , Ning et al. 2013 , as most of proteomic studies concern reproductive buds or induction of flowering (W. . Research on bud dormancy focused mainly on the determination of transcription profiles and gene expression (Anderson et al. 2005 , Dogramaci et al. 2010 , Leida et al. 2010 ,Čechová et al. 2012 , Ueno et al. 2013 , Castède et al. 2015 . Those issues were discussed in several excellent review articles (Arora et al. 2003 , Horvath et al. 2003 , Horvath 2009 ). One genome encodes many various proteomes in accordance with the course of differentiation and development, and the proteome can be modified by biotic and abiotic external factors (Thiellement et al. 2002) . A proteomic approach offers the possibility to investigate developmental processes through identification of proteins and their physiological functions involved in dormancy regulation. Because both proteomic analysis and ultrastructural depiction of the meristematic cells may indicate the state of cells' metabolic activity, the approach combining both molecular and structural methods offers new insight into processes related to bud dormancy. However, few studies have used such a combined approach to examine changes in meristematic cells during bud dormancy (e.g., Ruttink et al. 2007 .
The genus Picea has been subject to many proteomic analyses, e.g., for pollen maturation, development of embryos, bark, roots and needles of young seedlings (Abril et al. 2011) . However, only few proteomic studies focused on vegetative buds in Picea (Yakovlev et al. 2008) , despite the importance of those structures containing apical meristems that are crucial for plant development.
In this study, we investigated both proteome and ultrastructural changes in embryonic shoots in vegetative buds of Norway spruce (Picea abies (L.) H. Karst.) during dormancy. For the purpose of our analysis, we distinguished four stages of bud dormancy: (1) initiation of endodormancy, (2) full endodormancy, (3) ecodormancy and (4) resumption of mitotic activity. Based on the earlier structural and ultrastructural observations, we expected that key proteins involved in starch metabolism and photosynthesis, and associated with symplastic isolation of cells and its cessation, would vary among stages of bud dormancy. The unique approach combining proteomic data with anatomical analyses of structure helps to understand the mechanisms that regulate the course of bud dormancy in temperate trees.
Materials and methods

Plant material
Vegetative buds of Norway spruce P. abies (L.) H. Karst were collected during three successive growing seasons in the second-generation seed orchard located in the Experimental Forest 'Zwierzyniec' near Kórnik (in Poland, 52°15′N, 17°04′E). In each year, sampling started in September and continued until the initiation of mitotic activity in next spring (about mid-March) (weekly for structural study, and every month for proteome analysis). We studied terminal buds collected from the central parts of the crowns of several trees (ramets) of the same clone. Earlier observations indicated that significant differences could be found between spruce clones of different provenances in the rates of changes associated with dormancy release (Guzicka 2013) . Using a genetically uniform material (several clonal copies representing the same genotype) allowed us to account for the influence of genotype and micro-environment on the structural and proteomic changes in embryonic shoots, which were isolated from vegetative buds. To distinguish between endo-and ecodormancy, we performed a pot experiment at room temperature, which enabled us to determine whether endodormancy was broken (see Figure S1 available as Supplementary Data at Tree Physiology Online).
In contrast to other studies , we identified the resumption of activity (stage 4) as the time when mitotic activity was observed in the cells. It is worth noting that this stage was determined based on microscopic images, before any macroscopic signs of bud break were observed.
Microscopy analyses
Transmission electron microscopy Immediately after bud collection in the field embryonic shoots were isolated from buds and placed in the Karnovsky fixative (3% glutaraldehyde and 3% paraformaldehyde, v/v 1:1) in 0.05 M cacodyl buffer at pH 6.8 (Polysciences, Inc. Warrington, PA, USA) (4 h at room temperature). Then they were further fixed with solution of 1% osmium tetroxide in 0.05 M cacodyl buffer at pH 6.8 (2 h at room temperature), contrast-stained with a saturated aqueous solution of uranyl acetate at pH 5.0 (12 h, at 4°C). The objects were embedded in low-viscosity epoxy resin according to Spurr (1969) , and then cut using Reichert Ultracut S (Leica) ultramicrotome with diamond knives into ultrathin sections (70 nm thick). Ultrathin sections were contrast-stained with uranyl acetate and lead citrate (for 7 min) and observed under a transmission electron microscope TEM 1200 EX (JEOL Ltd., Musashino, Akishima, Tokyo, JAPAN) (Laboratory of Electron and Confocal Microscopy, Faculty of Biology AMU in Poznań) at the accelerating voltage of 80 keV.
Localization of callose in TEM Embryonic shoots were fixed in 0.5% glutaraldehyde and 4% PFA (v/v) in 0.1 M cacodyl buffer at pH 7.2 for 2 h at room temperature. Specimens were washed in 0.1 M cacodyl buffer (4 × 10 min) and embedded in the LR Gold resin, then cut into semi-thin and ultrathin sections (located on nickel meshes and contrast-stained with uranyl acetate after a specific reaction had been performed). The material was incubated in 0.01 M PBS with the addition of 0.1% BSA-c (v/v), washed in 0.01 M PBS with the addition of 0.02% BSA-c, transferred to a drop of a primary antibody (mouse anti-1,3-β-D-glucan; Biosupply), with 0.01 M PBS at pH 7.2 (at the ratio 1:100) in a wet chamber and kept overnight at 4°C. Specimens were washed in 0.01 M PBS at pH 7.2 (4×) and incubated in a secondary antibody (goat anti-mouse IGA; Molecular Probes Inc, Eugene, OR, USA) labelled with gold suspended in 0.01 M PBS at pH 7.2 with the addition of 0.02% BSA-c at the ratio 1:20 (v/v) and 0.01% of Tween 20 (Sigma). Incubation lasted 2 h in a wet chamber at 37°C. Ultrathin sections were observed under a transmission electron microscope TEM 1200 EX (JEOL Ltd., Musashino, Akishima, Tokyo, JAPAN ) at the accelerating voltage of 80 keV.
Light microscopy For starch detection, we used periodic acidSchiff's reaction (Berlyn and Micsche 1976) .
Proteomic analyses
Proteins were isolated from embryonic shoots according to Staszak and Pawłowski (2014) and Pawłowski and Staszak (2016) . After extraction and precipitation at -20°C in a 10% (w/v) solution of TCA, acetone, 20 mM dithiothreitol (DTT) (overnight) and centrifugation (16,000g for 5 min at 4°C), the resulting pellets were washed three times with 1 ml of acetone, with 20 mM DTT, and centrifuged again. Afterwards, pellets were vacuum-dried and suspended in lysis buffer (7 M urea, 2 M thiourea, 2% [w/v] Ramagli and Rodriguez (1985) .
Protein electrophoreses, 2-DE IEF/SDS-PAGE, were performed using three biological replicates (n = 3) from the same clone (combined samples). Proteins (600 mg each sample) were first separated using an Ettan IPGphor 3 IEF System (GE Healthcare) on rehydrated Immobiline dry strips (24 cm, pH 4-7) in rehydration buffer (6 M urea, 2 M thiourea, 2% [w/v] [w/v] iodoacetamide, without DTT), for 10 min at each step. Pre-cast Ettan DALT 12.5% (w/v) polyacrylamide gels and the Ettan Dalt Six electrophoresis unit (GE Healthcare) were used for second dimension SDS-PAGE. Electrophoresis was run for 1 h at 80 V and 5 h at 500 V. Molecular weight markers (GE Healthcare) were also loaded on the gel. Afterwards the gels were stained with colloidal Coomassie Blue (Neuhoff et al. 1988) .
After scanning the gels, the protein patterns were analysed using 2D Image Master 7 Platinum programme (GE Healthcare). Protein spots were detected and aligned, and the normalized spot volumes were determined. The series of paired tests between bud dormancy stages was run for each protein. First, the test of unequal variance was performed. If that test was statistically significant, the t-test assuming unequal variances was used, otherwise the ANOVA followed by t-test with equal variances was applied. Differences were considered significant at the α = 0.05 level. All the statistical analyses were performed in the JMP 9.0.0 statistical package (SAS Institute Inc., Cary, NC, USA).
The proteins that varied among dormancy stages and those with the highest level of expression were subsequently identified by the Mass Spectrometry (MS). Protein spots underwent a standard 'ingel digestion' processing: reduction with 100 mM (w/v) DTT (for 30 min at 56°C), alkylation with iodoacetamide (45 min in the dark at room temperature) and digestion with trypsin (sequencing Grade Modified Trypsin-Promega V5111), overnight. Resulting peptides were eluted from the gel with 0.1% (v/v) TFA in 2% (v/v) ACN and separated by LC prior to molecular mass measurements (LC coupled to an LTQ-FT-ICR mass spectrometer) on an Orbitrap Velos mass spectrometer (Thermo Electron Corp., San Jose, CA, USA) at the Institute of Biochemistry and Biophysics, Polish Academy of Sciences, Warsaw, Poland. Each peptide mixture was applied to a RP-18 pre-column (nanoACQUITY Symmetry ® C18-Waters 186,003,514) using water contain- to the ion source of the spectrometer working in the regime of data-dependent MS to MS/MS switch. Acquired raw data were processed by Mascot Distiller followed by a database search using Mascot Search (Matrix Science, London, UK, 8-processor on-site license) against the NCBInr (version 20,121,126) database using the Viridiplantae taxonomy restriction. Peptides with a Mascot Score exceeding the threshold value corresponding to <5% False Positive Rate, calculated by the Mascot procedure, were considered to be positively identified. Identified proteins were functionally categorized using the KEGG PATHWAY Database (http://www.genome.jp/ kegg/pathway.html) (Kanehisa et al. 2012) .
Results
During the study period, on average 366 protein spots were detected by means of two-dimensional electrophoresis ( Figure 1 ). After separation and preliminary screening analysis of expression profiles of the proteins extracted from embryonic shoots, we chose 36 proteins from the total pool of spots on the gels for further identification by mass spectroscopy ( Figure 1 and Table 1; see  Table S1 available as Supplementary Data at Tree Physiology Online).
For 13 of those spots the abundance level varied significantly among the four identified dormancy stages ( Figure 2 and Table 2 ). Based on those differences and the known function of those proteins we grouped them into four functional categories: 1-linked to regulation of protein level, 2-linked to the functioning of chloroplasts and other plastids, 3-linked to DNA and RNA regulation and 4-linked to the oxidative stress (Table 1) .
For five of the identified proteins, no significant differences were detected among dormancy stages, but their abundance level was the highest overall ( Figure 2 and Table 1 ).
In our study we observed numerous modifications of cells' and organelles' ultrastructure ( Figure 3 ). During stage 1-initiation of endodormancy (September-November)-the nuclear chromatin was condensed and the number of nucleoli declined. In September and October, cells of the pith and needle primordia contained amyloplasts and chloroplasts with a well-developed system of thylakoids, whereas proplastids were visible in the procambium, in the apical meristem and in needle primordia. In late October and early November, amyloplasts containing large amounts of starch were present only in the basal parts of needle primordia and in many pith cells ( Figure 3) . Further, the following ultrastructural changes corresponded to the stage 2-full endodormancy. After a strong condensation of chromatin, starch (earlier visible at the bases of needle primordia) was no longer visible under a light microscope, and amyloplasts were not noticed in cells of any region of the embryonic shoot, in many cells also the nucleoli was not visible (Figure 3 ). Callose was identified by the immunogold method in plasmodesmata of all regions of embryonic shoot. In single cells, infrequent lipid bodies were found, which were similar in size to mitochondria. Infrequent cisterns of RER, (the rough endoplasmic reticulum) sometimes very short, were dispersed in all areas of cytoplasm.
After the release of endodormancy, ecodormancy (stage 3) was initiated. During ecodormancy the RER were quite poorly developed but were still richer than during endodormancy. At this stage, nuclear chromatin was still strongly condensed, but nucleoli were visible again. In many of them, nucleolus-organizer regions (NOR) were seen, surrounded by chromosome puffs that were the regions of decondensed chromatin (Figure 3) . Ultrastructure of plastids and mitochondria was altered during ecodormancy (Figure 3) . At the same time in some cells the chloroplasts were present, and in many cells the amyloplasts or chloroamyloplasts were visible. Sometimes the plastoglobuli were visible in plastids. In different parts of the embryonic shoot we observed different types of plastids at the same time. On the other hand, in each part of the embryonic shoot the types of plastids changed with progression of ecodormancy. In pith cells we observed chloroplasts, chloroamyloplasts, amyloplasts and 'young' chloroplasts. In needle primordia cells proplastids, chloroplasts and amyloplasts were present, but in the neighbouring cells in those needles different types of plastids could be visible. In procambium, proplastids and amyloplasts were detected, but in peripheral meristem cells proplastids, amyloplasts, chloroplasts and plastids with single thylacoids were observed. During ecodormancy, mitochondria with variable shape and ultrastructure were observed. Some of them were circular with an almost Figure 1 . Images showing spot identification and localization of proteins extracted from embryonic shoot of spruce during initiation of endodormancy (stage 1), endodormancy (stage 2), ecodormancy (stage 3) and resumption of mitotic activity (stage 4). Proteins that varied in abundance during the four stages and also five proteins with the highest level (but no significant differences in analysis period) are indicated by labels. Complete information on these proteins is provided in Table 1 . smooth inner membrane and only few cristae. Matrix of mitochondria was light. Also, mitochondria with clearly visible cristae were observed, some of which were often elongated. At the end of ecodormancy dumbbell-shaped mitochondria were also visible. In some plasmodesmata, callose was also identified. Sporadically also cisternae of the smooth endoplasmic reticulum (SER) were observed, especially at the end of ecodormancy and at the resumption of mitotic activity.
Discussion
In this study we combined proteomic data with structural anatomical analyses to better understand mechanisms regulating the course of vegetative bud dormancy in Norway spruce. We used material from the field that was subject to natural weather conditions. We hypothesized that expression of specific proteins would vary among stages of bud dormancy, for proteins linked to energy metabolism and signal transduction, starch metabolism and photosynthesis, and proteins associated with symplastic isolation of cells and its cessation.
With the help of proteomic analyses we determined that only a small fraction of our detectable protein pool, 13 out of 366, varied significantly between the four dormancy stages in embryonic shoots of Norway spruce. Some transcryptomic studies in other species also showed that the total number of identified genes is typically higher than the number of genes that are differentially expressed. For example, in buds of Populus only~2.7% of the 44.441 gene models represented on the microarray were differentially expressed among months (Howe et al. 2015) . In this same study only 293 transcripts were differentially expressed between endo-and ecodormancy (Howe et al. 2015) .
Also in other species the proportion of differentially expressed genes were small, e.g., 1.35% in oak (Ueno et al. 2013 );~3% in Prunus pseudocerasus (Zhu et al. 2015) ; and~6% in leaf spurge (Horvath et al. 2008) .
Thus, based on our research and on the literature data a transition from endo-to ecodormancy is associated with modification of the level of only few genes/proteins. This suggests that in spite of the physiological character of dormancy, a certain pool of proteins is necessary for proper functioning of cells, and on the other hand, only a few proteins probably play a key role in regulation and progression of dormancy in Norway spruce buds. These proteins may be also involved in tolerance to cold and frost; however, we focus mainly on their role in bud dormancy inferred based on our combined analysis of proteomics and anatomical ultrastructure.
The first group (1) of proteins that varied among dormancy stages is linked with regulation of protein pools. Our study suggested that regulation and control of protein pools in Norway spruce embryonic shoot can be realized in two ways: either by Figure 2 . Protein spot volume for the 13 protein spots that varied among the four dormancy stages, and five protein spots with the highest overall abundancy level (marked with arrows). See Table 1 for protein assignment. protein degradation or/and by affecting the protein functional shape or conformation. Proteasome subunit alpha type-3-like (spot 83) and proteasome subunit alpha type-5 isoform 1 (spot 234) are the components of 20s proteasome (Kurepa and Smalle 2008) . Detection of these proteins clearly shows the need for proteasomal proteolysis, especially during ecodormancy and at the start of activity, when elimination of physiological blockage is necessary for developmental processes. It is known that proteolytic activity of proteasome is not only used for elimination of incorrectly prepared or damaged proteins, but also for modifying the balance of proteins during development (Bahrami and Gray 1999) . Protein disulphide isomerase (spot 266) is a chaperone protein, necessary for correct protein folding in the cell (Kim et al. 2012) . The changes in protein conformation result also in changes of protein function (Hanin et al. 2011) . We infer that quantitative and qualitative control of the protein pool could be one of the mechanisms that regulate dormancy processes in spruce bud. The other functional group of proteins (2) that varied significantly among dormancy stages were those linked to the functioning of chloroplasts and other plastids: chloroplast oxygenevolving enhancer protein (OEE, spot 21) and CPN60 (spot 331). The OEE 1 may function to stabilize the activity of the photosystem II (Zhang et al. 2010) . It is an excellent antioxidant (Kim et al. 2015) , and may also be key for protection of chloroplasts. In turn the task of CPN60 is to assemble and protect Rubisco (Salvucci 2008 , Gruber et al. 2013 . Thus, those proteins are very important for plastid functioning and photosynthetic activity. Photosynthesis is potentially possible in 'dormant' spruce bud, because the embryonic shoot enclosed in it is green, and chloroplasts have been observed in the embryonic shoot at each of the distinguished stages of bud dormancy. Further, bud Figure 3 . Ultrastructure of mitochondria, nucleus, plastids and plasmodesmata during initiation of endodormancy (before endodormancy), full endodormancy and ecodormancy; m-mitochondrion, N-nucleus, chp-chromosome puffs, am-amyloplast, chl-chloroplast, chlam-chloroamyloplast, ppproplastid, s-starch, cw-cell wall, black arrow-lipid body, white arrow-plastoglobuli visible as a group of numerous, small, dark globules. For callose (β-1,3-D glucan) detection, immunolabelling techniques were used. On electron micrographs the gold particles identifying callose were visible in plasmodesmata as a black dots.
Tree Physiology Online at http://www.treephys.oxfordjournals.org scales are partially permeable to photosynthetically active radiation (Pukacki et al. 1980, Pukacki and Giertych 1982) , and photosynthesis in spruce can occur even at air temperatures down to −5°C (Parker 1953) . The CPN60 may also be present in other types of plastids, and be involved in processes unrelated to photosynthesis (Schmitz et al. 1996) , which is especially important during ecodormancy, when numerous amyloplasts were observed in the embryonic shoot. Acclimation of the chloroplasts to cold is tightly correlated with the overall plant tolerance to chill and frost (Crosatti et al. 2013 ). On the other hand, 'plastid gene expression, crucial for development and photosynthesis, is important for chilling tolerance (low, but not freezing temperatures; 4-12°C)' (Leister et al. 2017 ). In our experiment in autumn/winter conditions frost tolerance is also very important. Based on our proteomic analyses and observations of ultrastructure (see below) we conclude that protection of plastid metabolism, and the use of plastid signals that modulate and control dormancy is very important for correct progression of spruce bud dormancy not only with cold tolerance.
The third functional group of proteins (3) we distinguished are the proteins linked to DNA and RNA regulation. The CDC48 protein (spot 53) is an 'army knife in cells' (Baek et al. 2013) . Working as chaperone, it is involved in regulation of cell cycle, membrane fusion, chromatine remodelling and gene expression (Stolz et al. 2011 , Baek et al. 2013 . In apical buds of Pinus sylvestris an increased expression of CDC48 was observed in May, in many of the proliferating cells ). We observed the highest level of CDC48 in stage 1, before full endodormancy, when there was no cell proliferation observed. We found the resumption of mitotic activity in March, and after that we finished our observations, because the start of mitotic activity clearly demonstrated that bud dormancy was already broken. However, at this time the macroscopic indicators of bud break were not visible yet. It is possible that also in spruce buds an increase of CDC48 expression would take place in May (in late spring), because then the mitotic activity and rapid shoot growth take place.
The RNA-binding proteins are related to all aspects of RNA biology: transcription, splicing, RNA modification, transport, localization and translation, by affecting these processes and also providing links between them (Glisovic et al. 2008 ). Heterogeneous nuclear ribonucleoproteins (hnRNPs; spot 34) are glycine-rich RNA-binding proteins, which in plants are involved in development and growth regulation and responses to cold (Ciuzan et al. 2015) . Ribonucleoproteins are also involved in mRNA splicing, RNA export and stability, telomere regulation and gene regulation in chloroplasts (Yeap et al. 2014) . Wang et al. (2016) suggested that overexpression of genes encoding RNP in organs of Arabidopsis thaliana have negatively affected plant growth and reduced plant tolerance to different abiotic stresses. Ribonucleoproteins also play a role in response and adaptation to environmental stress (Ciuzan et al. 2015) The next functional group of proteins (4) is linked with the oxidative stress and reactive oxygen species (ROS) signalling. The APOX (ascorbate peroxidase, spot 255) is a part of the ascorbate-glutathione cycle that functions to remove H 2 O 2 from cell compartments (Caverzan et al. 2012) . The detoxification of ROS is important for cell protection (Mittler 2002, Apel and Hirt 2004) . On the other hand, in four different accessions of Arabidopsis the activity of antioxidants, such as APX, catalase and superoxide dismutase and freezing tolerance were not positively correlated (Distelbarth et al. 2013) . However, ROS also function as signalling molecules (Bailey-Serres and Mittler 2006 , Schieber and Chandel 2014 , Sun and Guo 2016 . The level of APOX was high in stage 1 and the lowest in stage 3 (ecodormancy), although the risk of oxidative stress during ecodormancy is high. This suggests that in Norway spruce buds the main role of this protein is to modulate the ROS signalling and that APOX was connected with dormancy rather than freezing tolerance. In apical buds of Pinus, the two isoforms of APOX had the highest expression in November (endodormancy), and the third isoform in April . In dormant buds of Prunus 400 proteins were detected and 32 differentially expressed ones were identified (W.-B. . Only one of those proteins-APOX-was the same as in our study with Norway spruce, with the highest expression during endodormancy and ecodormancy (W.-B. . In contrast to buds of Pinus and Prunus, in our study the expression of APOX was low during ecodormancy (stage 3) and at the start of activity (stage 4). It is possible that in cellular detoxification in Norway spruce buds the tannins are also involved, as was suggested for Pinus pinaster buds (Jordy 2004) . Also the dehydroascorbate reductase (DHAR, spot 80), as the enzyme that reduces oxidized ascorbate, performs significant tasks in regulating the redox state in the plant cells and protects the cells against injury by oxidative stress (Zhang et al. 2015) . It is possible that some elements of antioxidant system perform a signalling, control function during spruce buds dormancy.
Among the 13 identified proteins that varied among bud dormancy stages, the majority have been associated with the stage 1. The initiation of endodormancy is key to the cell preparation and safe progression of endodormancy. Probably during the stage 1, the synthesis and accumulation of proper pool of proteins and mRNA take place, which would be available and used in the next stages. This accumulated pool of proteins potentially would be used at times when nucleus activity is strongly reduced. Differences in protein pool between endodormancy and ecodormancy are relatively small. The transition from endodormancy into ecodormancy would not require intensive synthesis of proteins de novo, if it was possible to rely on that earlier-prepared pool of proteins and mRNA. In harsh environmental conditions, when cell activity is restricted, it would be a type of 'rapid response system', when modifications within the cell are necessary. Beside the 13 proteins described above we have also identified five proteins that were highly expressed throughout the study period, and did not vary significantly among bud dormancy stages. According to the literature, all of them are associated with resistance to stress. The function of GRPs (spot 4) during adaptation to stress conditions has been intensively studied in model plants, such as A. thaliana, oilseed rape (Brassica napus) or rice (Oryza sativa) . It is highly probable that these proteins are conserved RNA chaperones during plant adaptation to low temperatures . Lectin (ricintype, spot 311) takes part in plant defence (Van Damme et al. 2004 , Vandenborre et al. 2011 , Howe et al. 2015 , e.g., against pathogens, however this does not seem crucial in our study. Another function ascribed to this protein is sugar-binding; lectins may bind with free sugars or with sugar residues of polysaccharides (Van Damme et al. 2004 ). Sugars have a significant role in cryoprotection of plant cells (Steponkus and Lanphear 1968) and the ability to control the level of sugars in the cytoplasm is certainly important for freezing tolerance during dormancy. Two of the analysed spots were identified as dehydrin 2 (spot 19 and 64), with a level that markedly exceeded the expression of any other observed protein. Dehydrins are a class of hydrophilic, thermostable plant proteins that are synthesized in response to drought and cold stress or salinity (Nylander et al. 2001 , Hanin et al. 2011 , Xu et al. 2016 . They are involved in processes of plant resistance to frost (Rinne et al. 1999 , Xu et al. 2014 , Die et al. 2016 ). Accumulation of dehydrins and reduction of water content are usually associated with protection of membranes and proteins against dehydration (Rorat 2006) . Also in trees, dehydrins probably participate in protection of cellular dehydration during the overwintering process (Welling and Palva 2006) . Carbamoyl-phosphate synthetase (spot 309) catalyses the synthesis of carbamoyl phosphate (CP), a crucial intermediary metabolite in the pathway leading to biosynthesis of pyrimidine nucleotides and arginine (Zhou et al. 2000) . The arginine, which is synthesized from CP, releases NO (nitric oxide), which influences many cellular processes (Planchet and Kaiser 2006, Winter et al. 2015) . NO may be a signal molecule, modulating the expression of genes involved in plant response to stress conditions, and is also involved in the resistance to abiotic factors (Hong et al. 2008) . The concentration of NO increases under the influence of stress, and then its major task is to diminish the negative effects of free radicals. Thus, it is one of the components of the system protecting cell integrity during the harsh winter conditions (Yu et al. 2014 .
The level of each of those five proteins was different in individual years, but it was always the highest within the whole protein pool. Therefore, it is likely that those five proteins are crucial for tolerance to winter conditions, especially against the risk of damage by low temperatures and desiccation. On the other hand, the 13 proteins that varied significantly among dormancy stages had low abundance levels, but their pattern of variation was repeatable through individual years. It is noteworthy that the characteristic protein pool reaching a maximum at the given dormancy stage was slightly different. The likely role these modifications of the protein levels may play in stage-specific processes is consistent with the observed pattern of variation during dormancy progression and transition from one stage to another. As shown earlier in embryonic shoots of Norway spruce, a structural indicator of dormancy stage is the presence or absence of starch (Guzicka 2001) . Contrary to our hypothesis, the enzymes of starch degradation were not in the group of proteins whose levels significantly differed among dormancy stages. This group did not include callose synthase and glucanase, either, although at the structural level the plugging of plasmodesmata by callose was one of the most important characteristics of dormancy (Rinne and van der Schoot 2004) .
Ultrastructure of organelles is tightly linked to their metabolic activity. During dormancy we have observed multiple re-structuring of ultrastructure, and thus changing activity of organelles, which were characteristic of the individual bud dormancy stages. In all anatomical regions of embryonic shoot, the similar changes were observed, but they did not take place at the same time. Norway spruce embryonic shoot is a complex structure with different tissue types, which differ in both structure and function (Hejnowicz and Obarska 1995) where several differentiation programmes are realized in parallel, which in effect lead to a synchronized development of a bud into the shoot. The cell ultrastructure during endodormancy was rather stable, and changes of organelles were few and small in comparison with those during ecodormancy, when cell ultrastructure was dynamic and changed often.
In dormant cells, chromatin is typically dispersed (Sagisaka 1992, Kuroda and Sagisaka 2001) , whereas it is condensed in the nuclei of cells that are acclimatized to frost stress (Slováková et al. 2010) . On the other hand, cold stress causes dispersion of chromatin (Slováková et al. 2010) . Changes in chromatin structure and concomitant transcriptional changes play an important role in response to stress (Probst and Mittelsten Scheid 2015) . The morphology of nuclei in spruce buds we observed likely results from the high level of cells' acclimatization to frost, rather than dormancy. However, despite the fact that the chromatin was strongly compacted during ecodormancy, we also observed fragments of decondensed chromatin. Decondensed chromatin clearly showed the transcriptional competence in dormant buds; if there was a need for some products of gene expression, the start of transcription processes could take place. Moreover, the presence of nucleoli during ecodormancy reflected the need for ribosomes, and potentially indicates also an increased translation activity.
The cold stress may cause an increase in the number of cisterns of smooth endoplasmic reticulum (Slováková et al. 2010) . In all distinguished stages of bud dormancy, we observed mainly RER, and only sporadically SER. Our observations of RER suggest
Tree Physiology Online at http://www.treephys.oxfordjournals.org that during dormancy in embryonic shoot the synthesis of proteins, and not lipids, was a priority.
In Norway spruce, Lepedus et al. (2001) indicated that cells of buds contain chloroplasts with a very poorly developed system of thylakoids and large grains of starch, and that the ultrastructure of those cells does not change throughout winter. However, it is important to distinguish which zones of embryonic shoot were analysed. Thus, it is justified to hypothesize that cells of different zones may differ in their ultrastructure, also with respect to plastids. This hypothesis has been confirmed by our observations. In spruce embryonic shoots we found both spatial and temporal variation of plastid types: at the same time different plastid types were visible in different anatomical regions, but also at the same anatomical region different types of plastids have been observed at various times. In all parts of the embryonic shoot, we observed chloroplasts with a well-organized thylakoid system. The chloroplasts act as sensors of environmental changes and the complex plastid signals coordinate cellular activity and function in response to stress for survival of environmental perturbations (Sun and Guo 2016) . They are very sensitive to various environmental stresses and are one of the initial sites of the stress response in plant cells (Kratsch and Wise 2000) . We only sporadically observed modification of chloroplasts' structure by cold (Slováková et al. 2010) , which indicated that a very effective mechanism of protecting chloroplasts is required during the whole duration of dormancy.
Modification of plastid types in our study was typically bound with changes in starch content. Starch hyperaccumulation was associated with transformations of chloroplasts into chloroamyloplasts or amyloplasts. However, similar to plastid types, starch also showed a spatial variation within the embryonic shoots. In some regions of embryonic shoot starch degradation took place, but in other regions its synthesis occurred. We have previously described specific changes in starch accumulation and degradation during ecodormancy and at the start of activity in spruce embryonic shoot (Guzicka 2001) . In spruce buds the cycle of synthesis/degradation of starch is synchronized with the progression of dormancy. The specific pattern of starch accumulation and mobilization suggests an important role of these processes in spruce bud dormancy development and breaking. Research on dormancy in buds of leafy spurge indicated that the metabolism of sugars plays an important role in dormancy regulation (Anderson et al. 2001 , Chao et al. 2006 . Products of starch degradation can act as signal molecules for regulating gene expression (Smeekens 2000) . Jordy (2004) suggested that the release of structural materials and energy pools by starch hydrolysis during the organogenesis may affect the development programme in the apical meristem and neighbouring cells in pine embryonic shoots. Our findings suggest that signalling through starch accumulation and breakdown would possibly lead to specific regulation of activity in different parts of the embryonic shoot. We observed that starch accumulation took place, even though the symptoms of cell activity were poor, and recurring low temperatures did not cause starch degradation (did not break the pattern of starch redistribution within the embryonic shoot). Earlier observations showed that starch accumulation sometimes took place in January, despite the cold winter (Guzicka and Woźny 2003) . Many reports confirmed that starch is involved in processes of adaptation to cold and frost. In temperate woody plants, products of starch degradation are used in winter as cryoprotectants (e.g., Kontunen-Soppela et al. 2002 , Yano et al. 2005 , Kaplan et al. 2006 . Carbohydrate status is probably also an important factor determining the length of dormancy period (Park et al. 2009 ). Despite some similarities in transition to dormancy of vegetative buds and stem cambium in Picea (Galindo González et al. 2012), our results point to marked differences in starch dynamics during dormancy between these two structures.
Deposition of callose in plasmodesmata was characteristic for spruce embryonic shoots during both endormancy and ecodormancy. To our knowledge, this is the first report of blocked plasmodesmata during dormancy in vegetative buds in Gymnosperms. In spruce buds, however, we detected callose in plasmodesmata also during ecodormancy, unlike in deciduous trees Betula and Populus, where it was observed during endodormancy (Rinne and van der Schoot 1998 , 2004 , Ruonala et al. 2008 . We suppose that in a spruce embryonic shoot, which contains all modules of mature shoot, keeping some cells in isolation after endodormancy and gradual elimination of this isolation, would be important for coordination and regulation of developmental processes in different tissues. Modification of symplastic communication by modulating permeability of plasmodesmata is one of the key mechanisms that regulate dormancy van der Schoot 2004, van der Schoot and . This is probably a universal mechanism for both Angiosperms and Gymnosperms.
Changes in cells of embryonic shoot took place primarily at the level of cell ultrastructure and the pattern of those changes was repeatable. During the initiation of endodormancy, the indicative changes were: alterations of nuclear chromatin, decrease in cell metabolism, disappearance of starch and blocking of plasmodesmata by callose. Starch disappearance in late autumn or early winter and the presence of callose in plasmodesmata in all anatomical regions of the embryonic shoot were regarded as structural indicators of full endodormancy of buds. The changes indicative of ecodormancy initiation include: an increase in metabolic activity of organelles and starch hyperaccumulation. The changes connected with the initiation and release of dormancy at the cellular level followed a similar pattern in cells of various anatomical regions of the embryonic shoot, but were not simultaneous.
None of the used approaches-ultrastructural or proteomicgave a complete picture of vegetative bud dormancy when applied singly. However, the integration of these two methods has allowed us to make this picture clearer. The period of winter dormancy including two stages-endo-and ecodormancy-is complex, and the interpretation of results is additionally complicated by the difficulty distinguishing the features closely linked to dormancy from those linked to the mechanisms of resistance to cold and frost. The design of our study did not allow us to distinguish between those two processes. Nonetheless, in both of those processes, the proteins that protect other proteins appear to be crucial. A critical moment during bud dormancy occurs at the release of endodormancy and the initiation of the next stage -ecodormancy. In a sense, it is a temporary lack of dormancy, when the mitotic activity of cells is limited only by the unfavourable environmental conditions. The factors conditioning dormancy and its release differ between these two dormancy stages, and the ultrastructural characteristics of cells also change. All this is reflected in protein patterns. Transition to ecodormancy is linked with restoration or intensification of transcription and translation, and simultaneously with an increase in plant resistance to frost. The proteins strongly linked with those processes reach the highest levels during the transition from endodormancy to ecodormancy.
We conclude that in spruce buds during dormancy the two different strategies were realized at the same time: survival strategy and development strategy. Both microscopy study and proteomic analysis show groups of characteristics associated with each of them. However, we did not fully confirm that structural features defining the dormancy stages were reflected in the analysed proteomes. Combination of proteomics and microscopic analysis suggests a very important role of plastid organization, metabolism, chloroplast gene regulation and their protection in the course of dormancy and its breaking.
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